I. INTRODUCTION
Understanding the nature and dynamics of heterogeneous flow in materials subjected to shock loading is important for many fields of research ranging from high-speed collisions to inertial confinement fusion studies. As reported here, the particle velocity field of a shock front propagating through a material may be altered significantly from mechanisms such as anisotropic sound speeds, phase transformations, plastic flow and brittle failure. The ability to quantify these effects has been limited by a lack of diagnostics able to provide simultaneous lm and ns spatial and temporal resolution velocity measurements on samples travelling at km/s speeds or greater. Since the early 1970's, the standard diagnostic in high-pressure dynamic compression experiments has been the velocity interferometer system for any reflector (VISAR) which measures shock, particle and sound velocities as a function of time. [1] [2] [3] [4] This information allow researchers to constrain the equation-of-state 5 and quantify the deformation response associated with elastic-plastic 6, 7 and structural phase transformations. 8, 9 However, as VISAR systems are typically operated with a spatial resolution of zero (point VISAR) 5, 6, 8 or $30-50 lm along a line (1D VISAR), 4 the effects of heterogeneous flow are not captured. Recently, a new two-dimensional imaging velocimetry technique (2D VISAR) has been developed to measure the velocity roughness of shock fronts with $10 m/s resolution and a spatial resolution of $2.5 lm over a 0.8 mm field-ofview. 10, 22 The 2D VISAR gives a ps "snapshot" of the velocity and target reflectivity field at a time after the arrival of a shock front at a reflecting interface. In this paper, we combine the 1D and 2D VISAR systems to study heterogeneous flow and the formation of fracture networks in single crystal silicon. The 1D VISAR records the compression history of the sample, while the 2D VISAR captures ps snapshots of the spatially resolved velocity and reflectivity maps.
Silicon is an ideal material to study the dynamics of heterogeneous flow due to the availability of high-purity, low dislocation density (< 10 5 cm
À2
), and well-orientated single crystals. [11] [12] [13] [14] Quasi-hydrostatic compression studies on silicon, which under ambient conditions has a diamond crystal structure, have revealed several pressure-induced polymorphic phase transformations between $13 and 18 GPa. 15 Under uniaxial shock compression, Si exhibits high orientation-dependent elastic stresses with the onset of plastic deformation characterized by a near complete loss of shear strength and an orientation-independent deformation response. 7, 16, 17 However, significant inconsistencies exist in the reported high-pressure response of Si. In shock experiments, where wave speed measurements are used to determine the volume collapse associated with the phase transformation, very different compressibilities have been reported depending on whether the sample has a free-surface (V/V 0 $ 0.85 at 16 GPa) 17, 18 or an impedance matched LiF VISAR window (V/V 0 $ 0.67 at 16 GPa). 16 In the work reported here, we measure and compare the heterogeneous deformation response of shock loaded Si free-surface and Si/LiF samples. For Si/LiF samples, our data show particle velocity surface roughening initially from the anisotropic onset of plasticity and again, above $13 GPa due to a structural phase transformation. For Si free-surface samples, the onset of inelastic deformation is characterized by the formation of fracture networks and incipient velocity jetting.
The paper has the following layout. Section II describes the experimental method. Section III reports on three separate measurements: (a) particle velocity measurements of spherical shock breakout from a 1 mm thick Si/LiF sample, (b) particle velocity measurements of planar shock breakout from a 0.3 mm thick Si/LiF sample, and (c) free-surface velocity measurements of planar shock breakout from a 0.3 mm thick Si sample. A discussion of the data is presented in Sec. IV. Conclusions are reported in Sec. V. The experiments described here were conducted on the Janus laser facility at the Lawrence Livermore National Laboratory in California. We report on two compression geometries to study the heterogeneous flow in single crystal Si [111]: a spherical shock and a spatially planar shock. The target design for the spherical shock experiments consists of 1 mm thick single crystal Si [111] and a 0.5 mm thick LiF [100] VISAR window with an estimated Si-LiF glue layer thickness of $3 lm ( Fig. 1(a) ). A 527 nm laser beam with 300 J in 4 ns was focused down to overfill a 500 lm circular aperture and directly ablate the Si sample with an average intensity of $2.5 Â 10 13 W/cm 2 . 19 This geometry launches an initially circular pressure drive into the Si. Similar experiments were also conducted using Si [110] and [100] single crystals.
The target design for the planar shock experiments, as shown in Fig. 1(b) , consists of 10 lm CH/50 lm Al/300 lm Si [111] and a 500 lm LiF window. A 6 ns square laser pulse with 250 J of energy directly ablates the 10 lm CH layer backed by 50 lm of Al. A kinoform phase plate inserted into the Janus beam-line produces a $1 mm 2 planar (DI/I $ 5%) region at the focal plane. This setup ensures that a steady shock with $4 ns duration, planar over a 1 mm 2 area, is launched into the Si sample. 20 The planar drive experiments were conducted with and without the LiF VISAR window. The good impedance match between Si and LiF substantially reduces the effect of wave interactions compared with freesurface Si samples. Due to the planar inertially confined nature of the ramp drive, our samples are in a state of uniaxial strain.
B. 1D VISAR
For all experiments, the spatial-and time-dependence of the transmitted compression wave velocity were recorded at the Si/LiF interface, u p (x,y,t), or the Si/vacuum free-surface, u fs (x,y,t), with the combined 1D and 2D VISAR setup as shown in Fig. 2 . The 1D VISAR measures the sample interface velocity versus time along a 1 mm line at the target plane with a spatial resolution of $30-50 lm and a spatial integration due to the line width of $15 lm. The 1D VISAR employs a 50 ns 532 nm multimode probe beam, which is focused onto the target with an f/3 lens. 4 The frequency of the reflected light from the moving (shock-compressed) sample is Doppler shifted and the resultant phase change is detected through fringe shifts within the VISAR interferometer and recorded in time with an optical streak camera. The velocity sensitivity of the interference fringes recorded by the VISAR is controlled by inserting different lengths of fused silica etalons in one leg of the interferometer to alter the optical delay in that leg. In our experiments, we used etalon lengths of 50.074 and 100.0169 mm to produce vacuum velocity-per-fringe (VPF) constants of 1.105 and 0.829 km/s. Two VISAR channels (only one shown in Fig. 2 ) with different velocity sensitivities were used to provide redundant data and resolve any ambiguities associated with sharp velocity jumps that exceed the time response of the system. For some experiments, we increased the field-of-view to 2 mm by employing an f/6 imaging system. Compression wave roughness can cause the local angle of the reflecting sample to eject the VISAR probe light outside of the collection angle of the imaging lens (no signal on data record). The multimode illumination design of the 1D VISAR ensures that a range of angles illuminates each spatial point of the target thereby making it less sensitive to loss of signal due to target roughness. 4 
C. 2D VISAR
The 2D VISAR employs the $1 mJ, 3 ps, 400 nm frequency-doubled single mode output from a commercial Ti-sapphire laser system which, before illumination of the target, is injected into an input interferometer with a $50 mm thick fused silica etalon (delay element) as shown in Fig. 2 . This produces two 3 ps pulses with a temporal separation of 263 ps which are then focused onto the target. The 400 nm single mode 2D VISAR probe beam is combined with the 532 nm, 50 ns 1D VISAR probe beam via a dual band dichroic beamsplitter and imaged onto the sample with a common achromatic lens system. After reflection off the Si free-surface or Si/LiF interface, the two 400 nm probe pulses are propagated through an output interferometer with a matched delay element. The output of this second interferometer contains a train of four 3 ps pulses with the central two pulses temporally and spatially overlapped to generate an interference pattern. The fringes produced are at most 50% visibility, but otherwise have the same fringe shift per target motion behavior of a traditional VISAR. 10, 22 Using the two outputs from the output interferometer and by controlling and selecting the polarization of the light, we record four separate 2D images of the target plane on a 4000 Â 4000 pixel cooled CCD chip with a 36 Â 36 mm 2 active area and a 9 lm pixel size: s-polarized, s-polarized with 180 phase shift, p-polarized, p-polarized with 270 phase shift (see Fig. 3(a) ). 21 The raw data in Fig. 3(a) record the emergence of a compression wave at the Si/LiF interface for the target described in Fig. 1(b) . For this shot, the VPF constant was 0.548 km/s/fr. By recording and algebraically manipulating all four outputs, it is possible to extract the phase at each point on the image independently of the neighboring points. This allows us to construct a velocity map averaged over the temporal separation of the two 3 ps probe pulses (263 ps) and over a 1 mm field-of-view with a spatial resolution of $2-5 lm (Fig. 3(b) ).
The raw phase distribution contains a background phase and fixed pattern variations, which have to be characterized during experiments by recording a reference interferogram from the stationary undriven target a few moments prior to the shot. The reference phase is subtracted from the measured phase to produce the shot data with the fixed pattern features removed. Direct summation of the intensity patterns of the four channels also allows a target reflectivity map (non-fringing image) at the 400 nm probe wavelength to be extracted (Figs. 3(c) and 3(d)). The 2D VISAR employs single mode target illumination and so is more prone than the multimode 1D VISAR to loss of light due to sample roughness when the local angle of the reflecting surface exceeds the acceptance angle of the VISAR imaging lens (69.4 for f/3 illumination). The 2D VISAR on Janus was modeled on 2 CCD chip (shot #070902). Each image shows the corner of the shock wave emerging at the Si/LiF interface from the target described in Fig. 1(b) . Two images are from s-and p-polarized light with the other two images being out of phase with their neighbors. (b) The quadrature fringe pattern allows for the velocity map to be determined averaged over the time period set by the delay element within the interferometer plates. (c) Through summation of the four channels, a non-fringing image, which is averaged over the reflectivities at the times of the two 3 ps pulses, can be generated. The intensity fringes observed running left to right in this image are due to reflections between the Si and LiF interfaces separated by the finite glue layer thickness. Within the shocked region, the glue layer thickness changes and the fringe periodicity is modified. (d) Using a pre-shot reference, a relative map of reflectivity at 400 nm can be obtained.
the original 2D VISAR built at the Omega laser facility. A full description of the diagnostic can be found in Ref. 10 with a detailed description of the analysis methodology in Ref. 22 .
The timing of the 2D VISAR acquisition relative to the time-resolved 1D VISAR record is adjustable shot-to-shot and is measured with optical fiducials to within 20 ps. In order to construct a moving picture of the deformation response of our shocked Si samples, we kept the target and laser conditions constant from shot-to-shot while varying the time of the 2D VISAR acquisition. The 1D VISAR provides a record of the compression history within the sample and the 2D VISAR provides a high-resolution spatial map of the Si interface velocity and reflectivity at effective "snapshots" during the compression.
III. REVIEW OF EXPERIMENTAL DATA
In Secs. III A-C, we report on a number of experiments designed to study the time-and spatial-dependence of high strain-rate deformation in single crystal silicon.
A. Spherical shock through 1 mm thick Si/LiF
The target design for the spherical shock experiments is shown in Fig. 4 (a) [and Fig. 1(a) ]. As the stress wave reaches the Si/LiF interface, the particle velocity as a function of time, u p (x, t), is recorded with a 1D VISAR along a 2 mm line at the target plane. The raw 1D VISAR data are shown in Fig. 4(b) with the extracted u p (t) taken at the spatial center of the breakout (x ¼ 0 lm), shown in Fig. 4(c) . The VISAR records the arrival of a spatially expanding shock front followed by a velocity plateau arriving at the Si/LiF interface $88 ns after the initial laser irradiation. The velocity plateau at $0.25 km/s is equivalent to 4 GPa within the Si sample and is consistent with the elastic limit for Si [111] . 7, 16 At velocities consistent with the onset of inelastic deformation, we observe a drop in the target reflectivity initiating at t ¼ 112 ns and fanning out in space. In successive experiments, we kept the drive and target conditions constant while varying the acquisition time for the 2D VISAR. From the 2D VISAR data taken at 114 ns (Fig. 4(d) ), it is evident that the elastic and plastic waves have a distinctive three fold symmetrical structure. 23 By considering the reported elastic constants for Si, we calculate the elastic wave speed emanating from the laser ablation surface as a function of angle to produce the expected shape of the elastic wave breakout. 24 As the elastic limit is expected to be overdriven near the laser ablation surface, we allow the thickness of the target to vary within this simple model to fit the shape of the measured elastic wave breakout. As shown by the dashed yellow curve in Fig. 4(d) , the elastic model gives a good fit to the shape of the elastic wave breakout. We observe plasticity being initiated along the expected slip planes for Si [111] (white line in Fig. 4(d) The particle velocity history, u p (x,t), at the Si/LiF interface was measured in one-dimension and over a 2 mm field-of-view with the 1D VISAR. The emergence of a non-planar shock is recorded 88 ns after the initial laser irradiation. (c) The extracted Si/LiF u p (t) at x ¼ 0 lm is consistent with an elastic wave preceeding a slower moving plastic deformation wave. 7 Coinciding with the arrival of the plastic wave at $112 ns is a sudden loss in reflectivity which fans out in space at later times. (d) The 2D VISAR image taken at 114 ns reveals a three fold symmetry for the elastic and plastic waves. The shape of the elastic wave can be well reproduced by using the elastic constants for Si and calculating the transit time as a function of angle (yellow dashed line). The orientation of the three fold symmetrical plastic wave is consistent with the expected slip planes for Si [111] (white lines with labelled slip planes).
aperture on the front of the Si samples and as a result the intial compression wave had a slightly irregular shape due to the non-circular laser spot. Consequently, we find the elastic wave fit to our data is not as good as for the Si [111] data. However for the [100] shot in Fig. 5(a) , there is a clear four fold symmetry in the center of the shock breakout which is consistent with the expected slip planes (white lines and labels). The structure emerging at the center of the Si [110] sample shows a different symmetry, consistent with the anisotropic deformation response in Si (Fig. 5(b) ).
We conclude that the onset of inelastic deformation in Si is due to plastic relaxation along slip planes as opposed to a phase transformation. 25 This is supported by recent measurements which show a transition from a longitudinal to a bulk sound speed at the onset of inelastic deformation, behavior characteristic of plastic deformation, and a near complete loss of shear strength. 7 In addition, under static compression, the lowest pressure phase transformation in Si (diamond structure to b-Sn) has been determined to initiate at $11.8 Gpa, whereas we observe inelastic deformation initiating at 4 GPa. The target design for the planar drive experiments is shown in Fig. 6(a) [and Fig. 1(b) ]. The raw 1D VISAR data are shown in Fig. 6(b) along with the extracted Si/LiF particle velocity history, u p (t), taken at 900 lm with the time axis normalized to the shock breakout time. The velocity profile is consistent with an elastic precursor wave ($0-10 ns), traveling at the longitudinal sound speed, separating in time from the slower moving (bulk sound speed) inelastic deformation wave (initiated at $10 ns). 7 Previous work has shown that there is a polymorphic phase transformation in shock compressed Si [111] initiated at a longitudinal stress of 12.8-14.4 GPa (Si/LiF u p $ 0.8 km/s). [16] [17] [18] On the 1D VISAR, this high-pressure region is marked by a drop in the target reflectivity (Fig. 6(b) : t > $ 13 ns and x > 400 lm). The x < 400 lm region represents the edge of the shock wave with associated lower pressure and higher reflectivity. 2D VISAR data acquired at three times are shown in Figs. 7(a)-7(c) .
Figures 7(a)-7(c) represent 2D VISAR (one channel of raw data) at acquisitions times of 5.5, 12.2, and 18.9 ns, respectively, after arrival of the shock at the window interface. The corresponding peak Si stress states, as shown, are determined from the interface velocity and equation-of-state for Si and LiF. 16 In Fig. 7(a) , the 2D VISAR was acquired 5.5 ns after shock breakout and at a longitudinal stress (8.2 GPa) consistent with elastic deformation in Si [111] . The corner of the spatially square compression wave is clearly visible. The elastic shock front has a smooth fringe (velocity) structure. The velocity and reflectivity maps for this shot are shown in Fig. 3 . In Fig. 7(b) , the 2D VISAR acquisition is at 12.2 ns and a peak longitudinal stress of 10.3 GPa within the Si sample. There are two distinctive regions: a low-pressure elastic region and a central more highly textured high-pressure region. The structure within this region is consistent with the changes in Si/LiF surface texture associated with the emergence of plasticity along overlapping slip planes (Fig. 4(d) ). Figure 7 (c) shows a 2D VISAR image taken at later times with central Si pressures of $13.5 GPa. Here, the central pressure exceeds the phase transformation pressure and we observe the emergence of a highly speckled texture within the raw data with characteristic feature sizes less than 3-5 lm.
In Fig. 8(a) , we show the velocity map extracted from the raw 2D VISAR data shown in Fig. 7(c) . Analysis of this highly textured data set is challenging. Poor reflectivity over some regions of the sample made retrieval of the phase information unreliable. Even within the regions of good signal Fig. 6(b) . (a) Elastic shock compression exhibits a smooth fringe structure (Shot #070902). The corner of the spatially square shock (from 1 mm square laser focal spot) is visible. At later probe time in (b), we observe the smooth low-pressure elastic region skirting the central high pressure plastically deforming portion of the drive (Shot #070903). The structure associated with plasticity is consistent with overlapping slip planes roughening the reflecting Si/LiF surface (Fig. 4(d) ). In (c), the peak u p (t) of 0.8 km/s is equivalent to 13.5 GPa within the Si which results in a structural phase transformation from the ambient pressure diamond structure (Shot #070907). 16 In this high-pressure region, we observe a very pronounced change in the surface reflectivity towards a finely speckled pattern with feature size 3-5 lm. There is also a drop in the reflectivity of the line VISAR data in Fig. 6 (b) associated with this highpressure phase transformation. Fig. 7(c) with four squares representing regions associated with different states of compression: uncompressed (yellow), elastic (red), plastic (blue), and the phase transformation (black). The velocity spectral density (see Appendix) calculated within each of these areas is shown in (b). Roughening of the particle velocity surface is evident for the plastic and phase transformation deformation regions. level absolute velocity determination remains ambiguous for the high frequency content. This is due in part to the high precision requirement on the inter-channel spatial registration and also the non-optimal low velocity per fringe constant selected to track the rapidly changing velocity features (see discussion in Sec. II C). However, analysis of regions within the Fig. 8(a) velocity map can provide quantitative estimates of the velocity roughness related to different deformation mechanisms. To that end, we select four 150lm 2 regions which represent different states of compression: uncompressed (yellow square), elastic compression (red square), plastic compression (blue square), and phase transformation (black square). To characterise the velocity structure, we calculate the velocity spectral density (power spectrum) as a function of spatial frequency over a frequency interval of 0.02 to 0.5 lm À1 (equivalent spatial wavelength interval from 50 lm to 2 lm). This calculation is described in Appendix and plotted in Fig. 8(b) for the four spatial regions shown in Fig. 8 (a) (and Fig. 7(c) ). For the plastic and phase transforming regions, the spectral power at high frequencies in the analysis should be viewed as a lower bound due to the fringe jump ambiguity discussed above. In the region, where the Si is elastically deforming, the power spectrum agrees well with the uncompressed Si as would be expected from a 1D uniaxial compression from a planar drive. When inelastic (or plastic) deformation is initiated, the clear roughening of the Si/LiF interface ( Fig. 7(b) ) translates in velocity space to a greater power (over elastically deformed Si) for the spatial frequency range considered. We interpret this structure as being consistent with the emergence of plasticity on slip planes within the Si sample (Sec. III A). The structure associated with plasticity, most clearly witnessed in the spherical shock geometry in Fig. 4 , becomes more chaotic for planar driven samples as adjacent slip planes overlap and intersect.
FIG. 7. 2D VISAR images at times indicated in

FIG. 8. (a) Velocity map of image shown in
Shock data from Si/LiF targets have shown that upon initiation of the 12.8-14.4 GPa phase transformation, the deformation becomes hydrostatic. 16 In our experiments, with a peak stress of 13.5 GPa, we observe a dramatic refinement of the spatial structure of reflectivity emerging at the Si/LiF interface associated with this change in crystal structure (Fig. 7(c) ). In the velocity power spectrum (Fig. 8(b) ), this effect is seen as enhanced signal versus spatial frequency over the plastically deforming region of the sample. Recent molecular dynamic simulations have found that the onset of a phase transformation in single crystal Ge occurs along shear bands within the material. 25 A similar change in deformation mechanism associated with the phase transformation in Si may be responsible for the refinement of spatial structure we observe in Figs. 7(c) and 8 .
Under shock compression, a phase transformation in Si from the ambient semiconductor diamond structure to a high pressure metallic phase has been determined through a measured increase in the sample conductivity by 4-5 orders of magnitude. 32 This would result in an expected increase in Si/LiF reflectivity due to the phase transformation. The observed drop in Si/LiF reflectivity (Fig. 6(b) ) is due, we believe, to the VISAR probe light being scattered outside of the collection angle of the imaging lens due to the sudden roughening of the Si/LiF interface at pressures associated with the phase transformation (see discussion in Sec. II).
Recent work by Turneaure and Gupta has highlighted the large discrepancy between stress-volume states determined from Si/LiF velocity measurements versus measurements from Si free-surface samples. 16 To address this discrepancy within Sec. III C, we measure the spatial structure emerging at the Si free surface for a comparable compression drive as applied to the Si/LiF samples. The target geometry for the free-surface measurement is shown in Fig. 9 . The target is identical to the one used in Sec. III B except the LiF window has been removed. We employ the same laser irradiation conditions as described in Sec. III B. The raw 1D VISAR data for a typical shot are shown in Fig. 9(b) with the extracted free-surface versus time shown in Fig. 9(c) . Unlike the Si/LiF particle velocity data in Fig. 6(b) , we note that at peak compression on the Si free-surface sample, there is no change in reflectivity. For free-surface targets, the stress at the Si-vacuum interface approaches zero. For this reason, the VISAR does not reflect off the inelastic deformation surface directly and no resultant drop in target reflectivity is observed. For the free surface sample and after the peak velocity is reached, there is a small velocity pull-back followed by a damped velocity oscillation. These features are characteristic of the formation of a spall layer. 26 Spallation occurs as a result of generation of tensile stresses in the interior of a material due to the interaction of forward and backward propagating release waves near the free surface. The spall strength (r), defined as the tensile stress in a material that results in dynamic fracture, may be approximated 27 from r % 0:5q 0 C b Du fs where q 0 is the initial density (2.33 g/cm 3 ), C b is the bulk sound velocity at ambient conditions (6.45 km/s), 17 and Du fs is the change in free surface velocity associated with the velocity pullback at t 0 þ 22 ns in Fig. 9(b) (0.1 km/s) . This approximation yields a spall strength of $0.75 GPa, a value significantly lower than the $8 GPa compressive yield strength. 7 Such high compressive and low tensile strength behaviors are characteristic of shock compressed ceramic materials. 29 The 2D VISAR acquisition was recorded at three different times relative to the shock break out as indicated in Fig. 9(c) .
Figures 10(a)-10(c) represent the non-fringing (photograph) output of the 2D VISAR analysis at acquisitions times of 1.3, 6.3, and 11.3 ns after shock breakout, respectively. The corresponding Si[111] stress states are determined from the free-surface velocity-longitudinal stress relationship determined from Lagrangian sound speed measurements. 7 At early times (t 0 þ 1.3 ns, Fig. 10(a) ), localized changes in target reflectivity appear but are blurred as the Si free-surface is outside of the $5 lm depth of focus of the 2D VISAR imaging system. This blurring effect is more clearly observed in Fig. 11(a) which shows a magnified sub-region from Fig.  10(a) [blue box]. Using a numerical focusing technique, a dark feature with a $2 lm width and a length of $50 lm comes into focus (Fig. 11(b) ). 28 This absence of light in this region represents a local target angle exceeding the acceptance angle of the f/3 imaging optic (69.4 ). We interpret these dark regions as incipient crack formation or brittle failure at the Si free surface. Over the $1 mm 2 field of view, the free surface cracks were primarily linear with an average crack separation of $30-50 lm.
The image shown in Fig. 10(b) was taken 6.3 ns after the arrival of the elastic shock at the free-surface. The fracture planes have increased in size with widths up to $10 lm and lengths up to $200 lm. Many of the crack features at this time exhibit branching or a three-fold symmetry and have started to connect to adjacent fracture sites. Figure 10(c) shows the image of the silicon free surface 11.3 ns after the arrival of the elastic shock. The fracture planes have largely joined up and formed a fracture network. The line-VISAR for this shot, shown in Fig. 9(b) , gives no obvious signature on the development of these fracture features. The average width of the fracture planes at this time is $20-30 lm which is at or just below the spatial resolution limit of the line-VISAR.
Following the discussion of Grady, 29,33 the evolution of brittle failure in the bulk of a shock compressed ceramic material is described by three stages: (1) Above the elastic shock, fracture, incubation and nucleation are initiated at centers of high shear stress states concentrated on defect sites within the crystal lattice. (2) Continued compression towards peak pressure results in shear fracture and growth within the shock front. (3) At the peak Hugoniot state overlapping shear band networks cause a comminution of the starting material. This description is consistent with our observations in Fig. 10 .
A characteristic fracture plane separation, k, during the initial period of incubation and nucleation ( Fig. 10(a) ) is derived by Grady 29, 33 from energy (driving energy versus fracture surface energy) balance arguments as
FIG. 10. Non-fringing images for the times indicated in Fig. 9 . The blue box in (a) is magnified in Fig. 11 to illustrate the technique of numerical focusing.
where _ l is the shear strain rate, q is the material density, and c is the fracture energy. For the u fs (t) profile in Fig. 9(c) , we calculate an average longitudinal strain rate, 7 at the time of 2D VISAR acquisition shown in Fig. 10(a) (1) give an average spacing between fracture planes of 29 lm, which agrees well with the observations in Fig. 10(a) .
Shown in Figs. 12(a) and 12(b) are the calculated particle (Si/LiF) and free-surface velocity maps, respectively, for the data shown in Figs. 7(a) and 10(a) and at times corresponding to the elastic deformation front. Following the prescription described in Appendix, the velocity spectral density or power spectrum was calculated for each velocity field within a representative region of interest (yellow squares in Figs. 12(a) and 12(b) ). Figure  12 (d) displays the velocity spectral density for Figs. 12(a) and 12(b) plotted alongside identical calculations taken from reference (stationary target) images. The Fourier power spectrum from the stationary target has residual power which is due, in part, to phase distortions from air currents within each interferometer arm which affects each pulse differently. 10 Outside of the interferometer, all pulses propagate along a common path and so any phase distortions imposed from the environment affect all pulses equally (no impact of (Fig. 7(a) ). (b) Si free-surface velocity map taken within the elastic precursor wave (Fig. 10(a) ). (c) Horizontal velocity lineouts through (a) and (b) taken at 0 lm with a 10 lm line width highlight the difference in spatial structure. (d) Comparison of azimuthally averaged Fourier spectrum for free-surface Si (blue curve) and Si/LiF particle velocity (red curve) is consistent with incipient velocity jetting associated with the onset of fracture for the Si free-surface targets. velocity determination). As the average u fs value is 1.74Â u p we multiply the Si/LiF trace in Fig. 12(d) by this factor to more readily compare the two datasets (red dot-dot-dash curve). We find that the Si free-surface target exhibits incipient velocity jetting on spatial scales of $59 lm (bump in Fourier spectrum) which is not observed for the tamped Si/ LiF targets. The bump in the Fourier spectrum for the Si free surface data at 125 lm is an additional harmonic of the main jetting spatial feature. The region of interest used to calculate the velocity spectral density was varied in size, orientation, and shape (circular versus square) to ensure no finite sampling effects were present.
IV. DISCUSSION
The deformation mechanisms in Si can vary greatly depending on the temperature, strain-rate, and nature of compression. Under an applied stress at room temperature, Si often deforms through brittle failure due to the characteristically low dislocation flux. At elevated temperatures or at high strain rates, there is a brittle to ductile transition in Si due to an increased dislocation mobility facilitating plastic flow. Although the temperature rise in our experiments is estimated to be < 75 K at 15 GPa, 32 the confining pressures associated with the uniaxial compression employed here are expected to suppress the onset of brittle fracture while enhancing ductility. 33, 34 Under shock loading, Si exhibits high elastic stresses and a near complete loss of shear stress upon the onset of plastic deformation. 17 Our interpretation of the data presented in Sec. III is as follows: Above the elastic shock, the onset of inelastic deformation within the bulk and the associated loss of shear strength are consistent with stress relaxation through micro-fracture. However, sample cohesiveness (no open fracture planes) is maintained due to the inertial confinement from the uniaxial compression drive. Experimentally this is evidenced by the absence of cracks at the Si/LiF interface. Upon release at a free surface, however, inertial confinement is no longer satisfied, fracture planes separate, and incipient velocity jetting occurs.
Under shock compression, wave speed measurements used to determine the volume collapse associated with the $12.8-14.4 GPa phase transformation for single crystal Si [111] , have produced very different results from free-surface samples and samples with an impedance matched LiF window. Experiments by Turneaure and Gupta 16 on Si/LiF samples report a new phase volume similar to those found in static compression experiments 15 (V/V 0 $0.67 at 16 GPa), whereas experiments on free-surface Si samples by Gust and Royce 18 and Goto et al. 17 have reported V/V 0 $ 0.85 at 16 GPa. This large discrepancy was interpreted by Turneaure and Gupta 16 "to originate from differences in the values of [phase transforming shock speed] used in the data analysis. Values reported in the previous work are significantly higher than our measured values". In the free-surface Si experiments, we note that the velocity determination was made with an inclined prism technique which relies on the loss of total internal reflection (due to shock impact) within a prism in close proximity to the Si sample. 18 The leading edge of the free-surface release Si is then used to determine the shock velocity and the compressibility associated with the onset of the phase transformation. Our data reveal the presence of stress relaxation and incipient velocity jetting at the Si free surface due to the onset of fracture (Fig. 12) ; processes not considered within the free-surface measurements which could affect the determination of stress versus volume.
V. CONCLUSIONS
The 1D VISAR measures the interface velocity history, u(x,t), of shock compressed Si samples while at different times after the shock breakout the 2D VISAR records the spatially resolved velocity field, u(x,y), over a 263 ps "snapshot" in time. Our data show the anisotropic response associated with the elastic and plastic deformation in Si. We measure a roughening in particle velocity space consistent with incipient plastic flow along preferred slip planes and a dramatic alteration of the heterogeneous flow with the onset of a structural phase transformation at $13 GPa. For Si freesurface samples, brittle failure is initiated at times less than 1.33 ns after the arrival of the elastic shock. The evolution of crack features observed at the free surface is consistent with a description of an initial fracture nucleation and growth period followed by a more complex onset of network formation. Our data reveal a rich complexity of heterogeneous flow that is not recorded by standard velocimetry techniques and which can have a strong effect on reported stress-density data. To characterize the spatial structure within the measured velocity map, we first select a region of interest (e.g., square regions in Fig. 8(a) ). For a discrete sampling of velocity points V[l,j] (assuming units of m/s) where there are {n,m} pixels in the sample box of physical size {L x ; L y } (units of lm Â lm), the {l, j} indices range from 0 to n À 1 and 0 to m À 1, respectively. We compute the discrete Fourier transform, which yields the mode coefficients C½k x ; k y ¼ P nÀ1 l¼0 P mÀ1 j¼0
V½l; jExp½À2pið lk x n þ jk y m Þ, where {k x , k y } are the spectral mode indices ranging from 0 to n À 1 and 0 to m À 1, respectively. The power spectrum is obtained from the square of the coefficients, and we normalize the result by dividing by {n,m} and applying a factor accounting for the physical size of the analysis box. Therefore, the normalized spectral power density at mode {k x , k y } is jC½k x ; k y j 2 ðL x Â L y Þ=ðn Â mÞ in units of (m/s-lm) 2 . The 1D azimuthal average is an average over the modes contained within set of annular bins spaced to match the pixel size in the Fourier domain. The 1D amplitude spectral density, V ASD , is thus produced by taking the square root of the 1D radially-averaged power spectrum excluding the zero frequency mode (thus producing units of m/s-lm). The spectra are plotted as a function of spectral frequency in units of inverse wavelengths, f ¼ 1/k. For azimuthally symmetric data sets, the velocity RMS can be extracted from V ASD by calculating the expression V rms ¼ 2p
The RMS values are calculated over the frequency interval
, which is the wavelength interval from 50 lm to 2 lm (Fig. 8(b) ).
